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destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
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T H I N  F I L M S  O F  GAS-EVAPORATED CO FOR USE I N  PHOTOTHERMAL CONVERSION 
M.C.A. Fan t in i ,  J.R. Moro and M. Abramovich 
Physics  I n s t i t u t e ,  UNICAMP, 13100 - Campinas, Brazil 
Abst rac t . -  S e l e c t i v e  su r f aces  f o r  an e f f i c i e n t  s o l a r  energy pho- 
tothermal  conversion w e r e  ob ta ined  by evaporat ion of CO i n  a ga- 
seous atmosphere. A b e l l  j a r  system was used wi th  a Tungsten bas- 
k e t  and a gas mixture c o n s i s t i n g  of  oxygen and helium. Using a 
K B r  s u b s t r a t e  we performed s p e c t r a l  measurements o f  t h e  t ransmit-  
t ance  from 0.38 pm t o  20 pm ob ta in ing  X = 2.5 pm. The f i l m  ob- 
served i n  a t ransmiss ion  e l e c t r o n  microEcope revea led  a small  par- 
t i c l e s  s t r u c t u r e  f o r  which t h e  f i l l i n g  f a c t o r  was measured. The 
r e s u l t s  j u s t i f i e d  t h e  a p p l i c a t i o n  o f  t h e  ldaxwell Garne t t  theory.  
1. In t roduct ion . -  An e f f i c i e n t  photothermal s o l a r  energy conversion re -  
q u i r e s  a high a b s o r p t i v i t y  f o r  X < 2.5 pm and a low thermal  emis s iv i ty  
f o r  X > 2.5 pm. E lec t rodepos i t i on  of  some t r a n s i t i o n  metals  on to  r e f l e c -  
t i n g  s u b s t r a t e s  /l-3/, chemical t rea tments  o f  metals  /l/, chemical va- 
pour depos i t i on  of i n t e r f e r o m e t r i c  m u l t i l a y e r s  / 4 / ,  s p u t t e r i n g  /5/ and 
evapora t ion  / 6 /  a r e  some of  t h e  known methods t o  g e t  t h e  des i r ed  pro- 
p e r t i e s .  
I n  t h e  l a s t  yea r s  gas-evaporation o f  some t r a n s i t i o n  metals  /7/ 
has  been used a s  an a l t e r n a t i v e  technique t o  produce s e l e c t i v e  f i lms ,  
without  t h e  complicat ing in f luence  o f  an opaque s u b s t r a t e .  Although 
these  systems do no t  a s  y e t  have p r a c t i c a l  app l i ca t i ons ,  they se rve  a s  
an e x c e l l e n t  b a s i s  f o r  s t u d i e s  on t h e  s e l e c t i v i t y  mechanism. 
I n  t h i s  work w e  show t h e  r e s u l t s  of  s e l e c t i v e  su r f aces  produced 
by gas-evaporation of  CO i n  an atmosphere c o n s i s t i n g  of  1 t o r r  of  O2 
and 10 t o r r  of He. W e  de sc r ibe  t h e  f i l m  product ion technique,  i t s  spec- 
t r a l  t ransmi t tance  from 0.38 pm t o  20 um, i t s  s t r u c t u r e  and chemical 
composition, a s  wel l  a s  t h e  i n f luence  of  a h e a t  t rea tment  on i t s  pro- 
p e r t i e s .  The d a t a  sugges t  t h e  a p p l i c a b i l i t y  of  t he  Flaxwell Garne t t  the-  
ory  and t h e  p red i c t i ons  a r e  compared wi th  t h e  experimental  t ransmi t tan-  
ce  s p e c t r a l  da t a .  
2.Experimental Procedure.- 2.1. Egg&pgent Descript ion.-  The samples 
were produced i n  a simple b e l l  j a r  evapora tor  with an e n t r y  f o r  gas,  an 
o u t l e t  f o r  a mechanical pump, t h r e e  gauges f o r  high (Edwards Penning 8 ) ,  
middle (Varian NRC 802A) and low (Edwards Speedivac C.G. 3) vacuum and 
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two feedthroughs connected t o  a  v a r i a c  and a  c u r r e n t  t ransformer (60A, 
maximum). The s p e c t r a l  t ransmi t tance  (normal inc idence)  was measured 
from 0.38 v m  t o  2.5 u m  i n  a Zeiss  DMC 25 s i n g l e  beam spectrophotometer 
and from 2.5 um t o  20 um i n  a  Perkin-Elmer 180 double beam spectropho- 
tometer.  The s t r u c t u r e  and chemical composition were determined wi th  
a  Hi tachi  HU 12 t ransmiss ion  e l e c t r o n  microscope. The mass was measured 
with an a n a l y t i c a l  balance (Met t le r  H20T) and t h e  th ickness  was evalua- 
t e d  wi th  an o p t i c a l  microscope (Nikon Apophot H11) by focus ins  success i -  
ve ly  t h e  t o p  and the  bottom of  t he  f i lm.  
2.2. FAlmPgepagax&on.- The CO ( p u r i t y  h 99  % )  was evaporated from a  
heated tungsten f i lament .  I n  order  t o  g e t  a  gas mixture t o  produce t h e  
intended coa t ings ,  s e v e r a l  pre l iminary  t e s t s  were performed : combina- 
t i o n s  o f  oxygen and argon o r  o t h e r  p a r t i a l  p r e s su re s  of O2 and He were 
used. The d e s i r a b l e  p r o p e r t i e s  were obta ined  us ing  a  gas pressure  of 
1 t o r r  of O2 and 10 t o r r  of H e .  Soo t l i ke  depos i t s  were c o l l e c t e d  4 cm 
above t h e  source onto  a  K B r  p l a t e  f o r  t r ansmi t t ance  measurements, a  ca r -  
bon covered copper g r i d  f o r  t ransmiss ion  e l e c t r o n  microscopy and a  
g l a s s  f o r  determinat ion of  t h e  mass and t h e  f i l m  th ickness .  No con t ro l  
of t h e  temperature and t h e  evaporat ion r a t e  was made. The dc measure- 
4 ments of t h e  samples r e s i s t i v i t y  were l a r g e r  than  10 Qm, which ind ica-  
t e s  t h a t  t h e  CO p a r t i c l e s  a r e  e l e c t r i c a l l y  disconnected.  
2 3.  Petszmination-of -the-9~tical-P_~ramete_Es_~-S_tructu~s-and-Shemlcal 
cogpos i t ion  of t h e  Films.- I n  f i g u r e  1 we show t h e  t ransmiss ion  spect-  
rum f o r  samples wi th  d i f f e r e n t  mass pe r  u n i t  a r ea  va lues  (W/A). 
Fig. 1.- Transmittance versus  wavelength f o r  CO f i lms  produced i n  t h e  
presence of  1 Torr  of  O2 and 10 Torr  of He wi th  mass dens i ty  Vi/A 
A s  can be seen they a l l  e x h i b i t  a  c u t  o f f  frequency Xcwhichshi f t s  
t o  t h e  i n f r a r e d  a s  W/A increases .  The absorp t ion  observed nea r  3 pm i s  
c h a r a c t e r i s t i c  of absorbed water  and those  a t  around 7 ym and 12 pm a r e  
due t o  t h e  presence of COO /9,10/. I n  o rde r  t o  eva lua t e  t h e  s o l a r  ab- 
sorp tance  ( a )  and t h e  thermal emit tance [e (T) 1 we considered a  coa t ing  
wi th  mass dens i ty  W/A on a  p e r f e c t l y  specular  s u b s t r a t e  ; t h e  r e f l e c -  
tance  of t h i s  tandem is  equal  t o  t h e  t ransmi t tance  of  a  f i l m  having mass 
2 dens i ty  2W/A. For example f o r  t h e  sample wi th  W/A = 1.72 g/m we found 
a = 0.89 and e(320°C) = 0.15. 
The t ransmiss ion  e l e c t r o n  microscope p i c t u r e s  (Fig.  2) show t h a t  
t h e  p a r t i c l e s  a r e  aggregated i n t o  cha ins  and c l u s t e r s .  
F ig .  2.- Transmission e l e c t r o n  micrograph f o r  a  CO f i l m  produced by 
gas-evaporation. The vo l t age  o f  t h e  e l e c t r o n  microscope was 75 KV 
The e l e c t r o n  d i f f r a c t i o n  p a t t e r n ,  ob ta ined  wi th  t h e  same appara- 
t u s  r e v e a l s  t h a t  t h e  f i lms  conta in  f c c  CO and £cc COO, a s  can be seen 
i n  f i g u r e  3. These r e s u l t s  were confirmed by an X-ray d i f f r a c t i o n  pat-  
t e rn .  
The volume f r a c t i o n  of metal  i n  t h e  depos i t  ( f )  was obta ined  from 
3 f = (WA) ( p t )  -l, where p = 8 . 7 1  g/cm /l l/ is  t h e  CO bulk dens i ty  and t i s  
t h e  f i l m  th ickness .  FJe assumed t h a t  t h e  amount of  COO i s  much smal le r  
than CO metal .  I n  Table I we show t h e  va lues  o f  t he se  q u a n t i t i e s  f o r  
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s e v e r a l  samples. 
fcc CO 
Fig. 3 . -  Elec t ron  d i f f r a c t i o n  p a t t e r n  of  t h e  f i l m  showing l i n e s  of  f c c  
CO and f c c  COO 
TABLE I : Mass dens i ty  (hT/A), th ickness  (t) and f i l l i n g  f a c t o r  ( f )  f o r  
the  samples produced wi th  P (02) = 1 t o r r  and P (He) = 10 t o r r  
2 . 4 .  Heat Treatments.- F i n a l l y ,  we p u t  a sample i n  a furnace con ta in ing  
a i r  which was hea ted  f o r  per iods  of 8 hours  succes s ive ly  a t  100°C, 1 5 0 ' ~  
and 200°C. A t  20P°C breakdown i n  t h e  s e l e c t i v i t y  was observed (Fig.  4 ) .  
A t  t h e  same time, t h e  s t r u c t u r a l  and chemical p r o p e r t i e s  of  t h e  f i l m  
gradualy changed : bigger  c l u s t e r s  were formed (Fig.  5a-d) and a l l  of 
t he  CO was transformed i n t o  COO (Fig.  6a-d) 
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Fig. 4.- Transmit tance versus  wavelength of  a  sample w i th  W/A = 0.73 g/ 
m under h e a t  t rea tments  i n  a i r  a t  100, 150 and 200°C dur ing  8 hours 
a t  each temperature 
a  
Fig.  5.-  a- wi thout  hea t ing  ; b- 100°C 
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F ig .  5.- E l e c t r o n  micrographs o f  a  sample h e a t e d  d u r i n g  8 h o u r s  a t  100, 
150 and 200°C,  c - 150°C ; d  - 200°C. 
£CC COO £cc CO 
a b 
F ig .  6.- a - w i t h o u t  h e a t i n g  ; b - 100°C. 
- 
L' (.l1) L (001, WO3 200) fcc coo 
fcc COO 
Fig. 6 . -  Electron d i f f r a c t i o n  pa t t e rns  of a sample heated during 8 hours 
a t  100, 150 and 200°c. c - 150°C ; d - 200°c. 
2.5. s i z e  Distr ibution.-  P a r t i c l e s  evaporated from a metal i n  a gas a t -  
mosphere have the  tendency t o  grow by binary c o l l i s i o n s  accompanied by 
l iquid- l ike  coalescence /12/ .  A s  a  consequence of khis mechanism a log- 
normal d i s t r i b u t i o n  is  expected f o r  the p a r t i c l e s  s i z e s  i n  the  f i lm, a s  
given by the  following equation (1) 
where An i s  the  f r a c t i o n a l  number of p a r t i c l e s  per logarithmic diameter 
i n t e r v a l  A(Rnx), 2 and o a r e  respect ively  the  average diameter and the 
geometrical standard deviation of the  p a r t i c l e  s izes .  
In f igure  7 we show t h a t  the  curve predicted by equation (1) i s  
i n  a good agreement with the experimental histogram. 
3. Application of t h e  Maxwell Garnett theory.- The successful  applica- 
t i o n  of the  e f f e c t i v e  medium model of Maxwell Garnett t o  metal f i lms 
produced by gas-evaporation i s  widely known /13/ ; it requires  two con- 
d i t ions  : the  diameter of the  p a r t i c l e s  should be smaller  than the  wave- 
length ( h  >> a )  and a small f i l l i n g  fac to r  ( £  << 1) . 
The average complex d i e l e c t r i c  constant  (E) calcula ted  by the  
Maxwell Garnett model gives f o r  i so la ted  spheres i n  a i r  
2 l + g f a  - 
E = 1 ( 2 )  l - g f a  
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E - l  
wi th a =  
1 1 + ?(€--l) 
E is  t h e  d i e l e c t r i c  cons t an t  of  t h e  spheres.  
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Fig. 7.- Number of  p a r t i c l e s  versus  diameter ,  Thehistogramwas based on 
a c o u n t i n g  of 500 p a r t i c l e s .  The superposed curvewas calcuJated u s i n g t h e  
descr ibed  log-normal d i s t r i b u t i o n  f o r t h e  shown va lues  o f x a n d  a. The a- 
r e a  under t h e  log-normal p l o t  i s  equal  t o  t h e  a r e a  under t h e  his togram 
The e l e c t r o n  micrographs show p a r t i c l e s  i s o l a t e d  o r  aggregated 
i n t o  cha ins  and c l u s t e r s .  I n  o rde r  t o  t ake  i n  account t h i s  s t a t e  o f  ag- 
glomeration equat ion  (3)  has t o  be modified by in t roducing  a new f a c t o r  
a", which r ep re sen t s  a  dipole-dipole i n t e r a c t i o n  /14/ between t h e  par- 
t i c l e s  given by 
I n  Table I1 w e  g ive  t h e  va lues  of  t h e  t r i p l e t s  ~ i *  f o r d i f f e r e n t  
geometr ical  con f igu ra t ions  of  i d e n t i c a l  spheres.  
TABLE I1 : Ef f e c t i v e  d e p o l a r i s a t i o n  f a c t o r s  ~ i *  f o r  d i f f e r e n t  geometri- 
c a l  conf i g u r a t i o n s  (from Ref. /13/) 
Geometrical Conf igura t ions  
i s o l a t e d  spheres  
~ l *  
0.333 
~ 2 %  
0.333 
~ 3 *  
0.333 
double spheres  0.250 0.375 0.375 
s i n g l e  l i n e a r  cha ins  0.133 0.435 0.435 
double l i n e a r  cha ins  0.139 0.342 0.518 
f cc  c l u s t e r s  0.0865 0.0865 0.827 
Fig.  8.- Transmittance versus  wavelength from c a l c u l a t i o n s  
based on the  Maxwell Garne t t  theory  f o r  a  sample w i th  W/A = 
0.73 g/m2 and f  = 0.021. 
I n  f i g u r e  8 we show t h e  r e s u l t s  of  t h e  s p e c t r a l  t ransmi t tance  ca l -  
2  cu l a t ed  f o r  a  sample wi th  W/A = 0.73 g/m assuming t h e  fol lowing conf i -  
gu ra t ions  : i s o l a t e d  spheres,  s i n q l e  l i n e a r  cha ins  and £cc c l u s t e r s .  
Double spheres  and double l i n e a r  cha ins  give,  r e spec t ive ly ,  r e s u l t s  ve- 
r y  s i m i l a r  t o  s i n g l e  spheres and s i n q l e  l i n e a r  cha ins .  A more c o n s i s t e n t  
approach based on t h e  e l e c t r o n  micrographs i s  t o  cons ide r  a  combined 
s t r u c t u r e .  Assuming 25 % of i s o l a t e d  spheres,  50 % of  s i n g l e  l i n e a r  
cha ins  and 25 % of f c c  c l u s t e r s  a  s a t i s f a c t o r y  agreement wi th  t h e  expe- 
r imenta l  r e s u l t s  was obtained.  Progress ive ly  l a r g e r  d i s c repanc i e s  be- 
tween t h e  t h e o r e t i c a l  r e s u l t s  and t h e  experimental  t r ansmi t t ance  da t a  
were found f o r  samples wi th  l a r g e r  va lues  o f  W/A. 
4 .  S m a r y  and Conc1usiog.- S e l e c t i v e  su r f aces  f o r  an e f f i c i e n c y  s o l a r  
energy conversion were obta ined  by evapora t ion  of  CO i n  a  gas mixture 
c o n s i s t i n g  of 1 t o r r  of O2 and 10 t o r r  of He. Transmission e l e c t r o n  m i -  
croscopy showed i s o l a t e d  p a r t i c l e s ,  cha ins  and c l u s t e r s .  E lec t ron  d i f -  
f r a c t i o n  p a t t e r n s  determined t h a t  t h e  f i l m  cons i s t ed  of  CO and Coo. Heat 
t rea tments  dur ing  8 hours a t  100, 150 and 200°C i n  a  sample caused t h e  
breakdown i n  t h e  s e l e c t i v i t y  a t  200°C bes ides  changing i t s  s t r u c t u r a l  
and chemical p r o p e r t i e s .  The Maxwell Garne t t  formalism, inc luding  t h e  
e f f e c t  of aggregat ion of t h e  p a r t i c l e s  was appl ied .  Considering a  com- 
bined s t r u c t u r e  of i s o l a t e d  spheres ,  s i n g l e  l i n e a r  cha ins  and f c c  c lus-  
t e r s  we obtained s a t i s f a c t o r y  agreement between theory and experimental  
da t a .  
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